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Herein a comparative study of five nanocrystalline cerium oxides (CeO2− synthesised by different
methods and calcined at 500 C is reported. XRPD analysis showed that stoichiometry parameter ,
crystallite size/strain and lattice constant were only slightly affected by the method utilized. All ceria
nanoparticles are nearly spherical in shape with faceted morphology, free of defects and with a
relatively uniform size distribution. The average microstrain was found to be approximately 10 times
higher than that of bulk counterpart. The absorption edge of nanocrystalline materials was shifted
towards a higher wavelengths (red shift) in comparison with bulk counterpart, and band gap values
were in the range 2.7–3.24 eV (3.33 eV for bulk counterpart).
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1. INTRODUCTION
CeO2 (Ceria) is a technologically important material, espe-
cially in nano form. It is widely used as ion conductor
in solid oxide fuel cells (SOFCs),1 in catalysis,2 and for
medical purposes.3 In addition, thanks to its simple crystal
structure, ceria is commonly employed as a modal sys-
tem for testing of new theoretical models.4 A number of
experimental studies report on the deviation of CeO2 stoi-
chiometry in nano-sized ceria. Namely, due to creation of
oxygen vacancies, a mixed-valence state of cerium (Ce3+
and Ce4+ exists. Oxygen vacancies (defects) and the ratio
of cerium ions with +3 and +4 valences are important
for high reactivity of ceria. It is worth mentioning that
doping/substitution of ceria has influence on its physi-
cal/chemical properties.56 The substituents can be dis-
tributed both at the surface and at the core of the particles.7
Ceria crystallizes in the cubic fluorite structure (space
group Fm3m). The degree of reduction (Ce4+ → Ce3+
for small particles (few nm in size) is high or even com-
plete. For small particles (order of a few nm) the degree of
reduction of cerium (Ce4+ → Ce3+ is large or the reduc-
tion can even be complete. In case of complete reduction a
change of stoichiometry and crystal symmetry (from fluo-
rite ceria to Ce2O3 with space group Ia3) occurs, although
∗Author to whom correspondence should be addressed.
some authors have shown that even in the 1 nm particles
the fluorite structure can be preserved.8
It is well known that structural and microstructural prop-
erties of the material strongly depend on the procedure
of synthesis. On the other side, structure/microstructure
determines physical/chemical properties (magnetic, elec-
tric, optic, catalytic, etc.). Consequently, different synthe-
sis methods for preparation of ceria nano powders were
devised. These include sol–gel methods, thermal decompo-
sition of precursors, coprecipitation, solvothermal oxida-
tion, microemulsion methods, electrospray pyrolysis, etc.9
In this study, we synthesized nanoscale ceria by different
procedures and investigated their structural, microstruc-
tural and optical properties after annealing at 500 C. In
addition, we managed to determine the influence of the
synthesis procedure on properties of nano-sized ceria.
2. EXPERIMENTAL DETAILS
2.1. Samples Preparation
First two samples were synthesized by slightly modified
procedure described earlier.10
Sample 1 (CeO2−(1)): 3.80 g of (NH42Ce(NO36
(Aldrich) and 2 l PEG 200 (Fluka) were dissolved in
deionized water. The mixture was continuously stirred
while pH was adjusted to 9. The solution was transferred
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into a sealed Teflon vessel and placed in microwave source
(Milestone, Ethos 1, 2.45 GHz, 1500 W) for 20 minutes at
130 C (heating rate 10 C/min, Pf 1.2 atm). CeO2 pow-
ders was washed with deionized water and dried at 80 C.
Sample 2 (CeO2−(2)): 6.36 g of (NH42Ce(NO36
(Aldrich) and 46 l PEG 200 (Fluka) were dissolved in
deionized water. Subsequently, NH4OH (30%, Merck) was
added until pH value reached 9. The solution was trans-
ferred into a sealed Teflon vessel and placed in microwave
source (Milestone, Ethos 1, 2.45 GHz, 1500 W) for
20 minutes at 130 C (heating rate 10 C/min, Pf 1.2 atm).
CeO2 powders was washed with deionized water and dried
at 80 C.
Sample 3 (CeO2−(3)) was synthesized by modified pro-
cedure, used for preparing ultrafine ferric oxide.11 The
3.29 g of (NH42Ce(NO36 (Aldrich) (3.29 g) and 27 g
PEG 1550 (Fluka) were dissolved in deionized water.
1.35 g KCl (Merck) was added and mixture was efficiently
stirred at 70 C until sol was formed (2 h). Obtained sol
was dried at 110 C for 2 h, and then heated until firing.
Obtained powder was suspended into 500 ml of deionized
water, filtrated, washed several times with deionized water,
and dried at 80 C.
Samples 4 and 5 were synthesized by simplified stan-
dard procedure for preparing various metal-dicarboxylates.
Sample 4 (CeO2−(4)): 3.18 g of (NH42Ce(NO36
(Aldrich) was dissolved in d ioniz water. Ox lic acid
(1 mol/dm3 (Merck) has being added until precipitate
formed. The precipitate was rinsed with deionized water,
filtered, dried, and transferred into a furnace.
Sample 5 (CeO2−(5)): 3.18 g of (NH42Ce(NO36
(Aldrich) was dissolved in deionized water. Malic acid
(1 mol/dm3 (Merck) has being added until precipitate
formed. The precipitate was washed with deionized water,
filtered, dried, and transferred into a furnace.
All samples were calcinated at 500 C (heating rate
10 C/min) in air for 4 h.
2.2. Experimental Methods
Analysis of particular nano ceria samples with Fourier
transform infrared spectroscopy (FTIR) was carried out
in order to determine if there were some residues of the
reactants on the surfaces of as-prepared samples. Infrared
absorbance spectra were obtained using Brucker Tensor 27
spectrometer. The spectra were obtained using 32 scans per
sample, with a 4 cm−1 resolution in the 380–4000 cm−1
range. Bulk CeO2 standard was commercial CeO2 (Sigma
Aldrich, 99.9%).
For the collection of the X-ray powder-diffraction
(XRPD) data a Brucker D8 advance X-ray powder diffrac-
tometer was used. The diffractometer was equipped with
a Cu-tube and a Xe-filed proportional counter. The gen-
erator was set-up at 34 kV and 20 mA. The divergence
and receiving slits were 1 and 0.1 mm, respectively. The
scanning range was 20–110 in 2, with a step of 0.05
and a scanning time of 40 s per step.
Transmission electron micrographs and selected-area
diffraction patterns were collected with a Jeol JEM 2100
transmission electron microscope operating at 200 kV. The
samples were prepared by dispersing the powders in ace-
tone and dropping the suspension on a lacey carbon film
supported on a 300-mesh copper grid.
The size distribution of the prepared samples was
measured by dynamic light scattering (DLS) technique
(Nanophox, Sympatec GmbH). Data were evaluated from
Brownian motion using 3D Cross Correlation technique.
The samples were dispersed in distilled water and treated
by ultrasonic bath for five minutes prior the measure-
ment. After that, the samples were placed in the in the
temperature-controlled sample holder at least 5 min before
starting the measurement. Light scattering using HeNe
laser ( = 6328 nm) was set at an angle of 90 and the
temperature was maintained at 25 C. Second cumulant
method of analysis was used to calculate the mean particle
size according to the intensity of scattered light.
The UV-vis diffuse reflectance spectroscopy measure-
ments (DR) of the CeO2− samples were carried out on
a Thermo Evolution 600 spectrophotometer equipped with
an integrating sphere diffuse reflectance accessory in the
wavelength range from 200 nm to 900 nm.
3. RESULTS AND DISCUSSION
3.1. Samples Formation and Crystal
Structure Analysis
FTIR spectra of ceria samples are shown in Figure 1.
Analysis of the FTIR spectra was done based on the
results published in literature.12 A well defined band due to
the stretching frequency of Ce O found at ∼ 413 cm−1,
indicates the formation of CeO2. An absorbtion band at
∼ 3438 cm−1 is attributed to the O H stretching vibra-
tions. A band at ∼ 1620 cm−1 is assigned to the H O H
bending vibrations originating from molecules of water
physically adsorbed on the surface of the as-prepared sam-
ples. The broadened region in the range of 1300–1600 cm−1
is attributed to the overlapping of the bands characteris-
tic for NO−3 (∼ 1620 cm−1 1380 cm−1 and 830 cm−1 and
CO2−3 (∼ 1620 cm−1, 1054 cm−1 and 851 cm−1 species
adsorbed on the surface of CeO2. It is in accordance with
the results previously published in the literature.13
Crystalline phases in all samples were investigated by
XRPD. All reflections in diffraction patterns were indexed
on the ceria unit cell in the space group Fm-3m of the
fluorite structure. No additional reflections due to any
other phase have been noticed. Collected XRPD data were
used to refine crystal structure and determine microstruc-
ture parameters (crystallite size and strain). Fullprof soft-
ware package,14 in which TCH Pseudo-Voight function
was chosen to describe the profile of diffraction maxima,
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Fig. 1. FTIR spectra of nanosized CeO2− and bulk counterpart.
was used in order to resolve the microstructure parame-
ters (crystallite size and microstrain). Size of the crystals
and microstrain are microstructural effects responsible for
the profile shape of the diffraction peaks. XRPD pattern
Fig. 2. Final Rietveld plots for nanosized CeO2− (1) (a) and bulk coun-
terpart (b). Dots denote observed step intensities; the line represents the
corresponding calculated values. The difference curve between observed
and calculated intensities is given at the bottom. Vertical lines correspond
to reflection positions.
Table I. Lattice parameter, average crystallite size, average microstrain
and non-stoichiometry parameter  of CeO2− determined by Rietveld
method.
Average Average Non-
crystallite microstrain stoichiometry
Sample a (Å) size (nm) (10−4 parameter 
1 5.4209 (1) 10 33 0.017
2 5.4197 (1) 8 50 0.015
3 5.4186 (1) 12 40 0.013
4 5.4191 (1) 8 45 0.014
5 5.4197 (1) 10 30 0.015
Bulk counterpart 5.4112 (1) – 4 0
of a standard LaB6 was used to make a correction for the
instrumental broadening. Figure 2 shows the final Rietveld
plots for CeO2−(1) and CeO2 (bulk). Final Rietveld plots
for other specimens are omitted due to their similarity with
the plots presented in Figure 2. Determined structural and
microstructural parameters are presented in Table I.
It is well known that partial reduction of Ce4+ to
Ce3+ ions occurs in ceria nanoparticles; this induces
creation of oxygen vacancies and deviation from CeO2
stoichiometry.19 The oxygen vacancies influence local dis-
ordering and affect values of lattice parameters. Values of
refined lattice parameters for ceria samples are presented
in Table I. These values are little bit different, but notable
higher than that for the bulk sample. Namely, due to the
difference between ionic radii of Ce3+ (1.034 Å) and Ce4+
(0.92 Å), the ratio Ce3+/Ce4+ impacts values of lattice
parameters in ceria nanoparticles. Deviation of stoichiom-
etry (i.e., parameter  in CeO2−) can be determined by
using refined values of lattice parameter listed in Table I
and applying Hong and Virkar empirical formulae:15
a 	nm= 054113 	nm+×10−2 	nm (1)
The  was calculated to be in the range 0.015–0.017.
Isotropic crystallite size and microstrain were calculated
using joint crystal structure Rietveld refinement and size-
strain analysis in Fullprof program. The results are pre-
sented in Table I point out significant number of structural
imperfections in nanoparticles.
3.2. Particle Size and Agglomeration
The particle size and morphology of the samples were
characterized by transmission electron microscopy. The
typical HRTEM images of CeO2− are shown in Figure 3.
HRTEM analysis reveals that the particles are isotropic,
with a relatively uniform size distribution. It can be seen
that the particle size depends on the method of synthe-
sis: it was ∼ 8 nm for samples 1, 2 and 4, ∼ 10–15 nm
for sample 3 and ∼ 12–15 nm for sample 5. These results
combined with those obtained by XRPD analysis show
that, in average, one particle is composed of one or two
crystallites. Further HRTEM analysis enabled us to clarify
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Fig. 3. HRTEM images of CeO2− obtained by different synthesis routes (see text): (a) CeO2− (1), (b) CeO2−(2), (c) CeO2− (3), (d) CeO2− (4),
(e) CeO2− (5), (f) CeO2− (5).
the morphology of the synthesized particles. The particles
are nearly spherical in shape with faceted morphology.
A detailed analysis of particle surface showed the absence
of the amorphous shell (see e.g., Figs. 3(a)–(c), (f)). Mor-
phology of nanoparticles is important feature that influ-
ences their catalytic efficiency. Size effects on the physical
properties of ceria was shown in literature. For example,
electrical conductivity was enhanced for almost 40% with
the increase of the average grain size.16
The DLS measurements were performed in order to ana-
lyze agglomeration in our samples. DLS assumes that par-
ticles (agglomerates) have a spherical shape. The results
obtained for particle diameters are in fact equivalent sphere
diameters. Obtained particle size distribution curves are
shown on Figure 4. Clusters (agglomerates) with average
hydrodynamic diameters ranging from 230 to 310 nm was
noted, The smallest agglomerates were present in the sam-
ple CeO2−(5). The results of DLS measurement showed
that the abundance of the fraction of agglomerates smaller
than 100 nm was negligible for all samples as well as
that agglomerates greater than 700 nm do exist. These
agglomerates consist of many monocrystalline or poly-
crystalline particles because their hydrodynamic diameters
were at least one order of magnitude larger than average
crystallite size obtained from XRPD and mean particle size
100 1000
0
1
2
3
4
5
6
D
en
sit
y 
di
str
ib
ut
io
n
Particle size [nm]
CeO2–δ (1)
 CeO2–δ (2)
CeO2–δ (3)
CeO2–δ (4)
CeO2–δ (5)
Fig. 4. Particle size distribution for samples CeO2− (1)–CeO2− (5).
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obtained from HRTEM. All samples show certain level
of bimodality which is the most pronounced for sample
CeO2−(4), as can be seen in Figure 4. The position of
the second peak at particle size distribution curves ranged
from 500 to 540 nm.
3.3. UV-Vis Diffuse Reflectance Spectra
One of the main applications of ceria is in catalysis. Its cat-
alytic activity depends on optical properties, particularly
on bandgap.17 The bandgap of investigated samples and
for their bulk counterpart were determined using UV-Vis
spectrophotometry. The UV-visible reflectance spectra of
the CeO2− nanoparticles synthesized by different routes
were measured, and then, the absorption, F 	R, was cal-
culated according to Kubelka-Munk equation,
F 	R= 	1−R
2
2R
(2)
where R is the reflectance of the sample. Results of this
transformation are shown in Figure 5. The spectra of all
samples show strong absorption bands below 400 nm due to
the charge-transfer transition from O2−(2p) to Ce4+(4f).18
Optical band gap can be determined using Tauc relation
F 	Rh
 = C	Eg −h
n (3)
Fig. 5. Absorbance curves of CeO2− nanoparticles synthesized by dif-
ferent procedures (main panel) and plot of the 	F 	Rh
2 versus photon
energy for determination of optical band gap (inset).
where h
 is the photon energy, n is 1/2 for direct transition
and 2 for indirect, Eg is the bandgap and C is a constant.
19
Value of the direct bandgap is then estimated by extrapo-
lating linear portion of the curve 	F 	Rh
2 versus h
 to a
point where absorption F 	R is equal to zero (the inset of
Fig. 5). For samples from CeO2−(1) through CeO2−(5)
the following values were determined: 3.13 eV, 2.90 eV,
3.24 eV, 3.06 eV and 3.16 eV. The value of bandgap for
bulk counterpart was 3.33 eV, so all nanoparticle samples
show red shift in their absorption edge. The red shift is
due to formation of localized states within the band gap
due to the well-known intrinsic defect chemistry (Ce3+
and O2− vacancy concentration) of ceria in the fluorite
structure.20 This is in accordance with earlier conclusion
that all samples show some level of deviation from stoi-
chiometry (Table I). The other reasons for different values
in bandgap among nano ceria are probably be due to dif-
ference in types of imperfections on the particle surfaces.
4. CONCLUSIONS
Cerium dioxide has been prepared by different meth-
ods of synthesis and characterised by various techniques.
The synthesis method influences to stoichiometry, lat-
tice parameters as well as microstructure parameters
(crystallite size and strain). By each of the applied methods
particles with spherical morphology were produced. From
UV-visible reflectance spectra bandgap value was calcu-
lated. Differences in determined values were induced by
structural imperfections both at particles core and surface.
Partial reduction of cerium ions with the creation of oxy-
gen vacancies results in introducing intermediate energy
levels and consequently smaller values of the gap.
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